Acoustic Microscopy combining Atomic Force Microscopy (AFM) and Acoustic Microsqy. ' Ihe lateral resolution is given by the probe diameter instead of the acoustic wavelength and can reach atomic scale on flat samples. The ultrasonic vibrations of the AFM cantilever are examined as well as the nonlinear interaction between the AFh4 tip and the sample surface. An ultrasonic image taken with the new technique is shown ATOMIC FORCE MICROSCOPY Atomic Force Microscopy (Fig. 1) is a scanning near-field microscopy which was invented in 1982 [l], stimulated by the success of Scanning Tunneling Microscopy 121. The sensor is a microfabricated cantilever of typically 100 to 200 pm length, and 1 to 2 pm thickness with an i n t e r n tip at its end which is in contact with the sample surface or which is kep at a small distance of about 100 nm maximally. ' Ihe sample is fixed on top of a piezoelectric scanner and can be moved in three axes. Two axes are used for 2 Experimental setup of the near-field Acoustic Microscope. A transducer is inserted between the scanner of the AFM and the sample and coupled to the sample by a gel. It is excited by tone-bursts or spikes and emits ultrasonic waves which cause vibrations of the sample surface. These couple via the tip into the cantilever and excite cantilever flexure-vibrations. For the measurement of the cantilever vibrations half of the light intensity of the optical detection beam is coupled out by the beamsplitter BSP and focused onto the fast photodiode PD2. The knife-edge blocks half of the laser beam. The knife-edge signal is amplified and displayed in a digital oscilloscope. For imaging one oscillation is gated out and fed to the second analog input channel of the AFM. The ultrasonic amplitude is displayed parallel to the topography in the computer. blocks half of the optical beam. The signal of the knife-edge detector is amplified by 60 dB in a 3dB bandwidth of 1-30 MHz and displayed on a fast digital oscilloscope. For imaging one of the peaks of the cantilever vibration is gated out, its amplitude measured, and fed to the second analog input channel of the AFM.
CANTILEVER VIBRATIONS
In conventional Atomic Force Microscopy as well as in its various modifications cantilever vibrations with spectral components below or near the first resonance frequency of the cantilever are recorded where fo = (27~)-~('k/m&f)~/~ is the resonance frequency, k is the spring constant, and qff is the effective mass of the cantilever. In order to prevent damage to the sample surface and to achieve a good signal-to-noise ratio in position detection, the cantilevers are soft, i.e. k is less than 1 Nlm and fo is generally in the kHz regime. However, fo is only the lowest eigenfiequency of an infinite set of flexure vibration modes, which in principle can all be used for imaging [5] . This can be easily understood, when the cantilever is regarded as a continuum serving as an acoustic waveguide. The out-of-plane vibrations of the sample surface excite flexural vibrations in the cantilever. When the differential equation for flexural vibrations of a beam of homogeneous cross-section is solved for a beam clamped at one end and free at the other one, a specific infinite set of modes n (n = 1, 2, 3, ....) is obtained with discrete eigenfirequencies, group velocities and wavelengths [ 6 ] . For a typical AFM cantilever, for example a rectangular one made of silicon with the dimensions 233 x 51 x 1.6 pm3 (length x width x thickness), the lowest eigentiequency (n = 1) is 41 kHz [ 5 ] . This is the resonance firequency in the kHz regime, which is commonly considered for AFM applications. The fourth eigenmde for example has an eigenfrequency of 1.4 MHz, a wavelength of 133 p and a group velocity of 0.37 m d p . We found good agreement of the calculated m e n c i e s with the experimental resonance frequencies we could excite with high ultrasonic vibration amplitudes. A perfect agreement cannot be expected because the end of the cantilever is not free but coupled to the sample surface by the nonlinear physical forces acting between the tip and the surface.
The various forces between the tip and the sample surface such as Van Fig. 3a shows the hlgh frequency cantilever vibration measured with the knife-edge detector. The sample was a 1 mm thick glass plate and the transducer was excited with a tone-burst of 1.98 MHz center fiequency and 250 ps duration. The cantilever vibrates at the carrier fiequency which js one of its resonance fiquencies in the contact mode. In Figs. 3b and 3c the deflection signal of the commercial AFM is shown without activated feedback 7hese signals shows the average cantilever position. In the contact mode, the candlever is shifted away from the surface about 0.5 nm (Fig. 3b) Ensuing dc cantilever deflection in the contact mode without activated feedback The cantilever is shifted about 0.5 nm away from the surface. c) In the non-contact mode (tip cantilever distance is about 50 nm) the cantilever is attracted while the surface is vibrating.
influence of the ultrasonic surface vibration. The distance between tip and sample was approximately 50 nm. The amplitude of the average deflection does not depend on the ultrasonic frequency.
We also observed nonlinear effects in the highfrequency vibration spectra. Fig. 4 shows the vibration spectrum of a triangular cantilever made of Si3N4 (k = 0.058 N/m) when it is more than 1 pm away drom the sample surface. It was obtained by a fast Fourier transform of the time-of-flight signal measured with the knife-edge detector. The transducer was excited with a spike of high amplitude containing a broad band of frequencies. Therefore, several vibration modes of the cantilever were excited which can be seen as resonance peaks in the spectrum. i 1260kk We observed transmission of high-frequency vibrations to the cantilever at tipsample distances of more than 2 pp. Using standard theory [91, an estimate of the transmitted ultrasound through the air gap between the surface and the cantilever shows that the transmitted power of ultrasound might be sufikient to excite the cantilever beam. Fig. 5 shows the behaviour of the individual fkequency components during an approach to the sample surface. Especially close to the surface, the amplitude of all firequency components changes strongly in a nonlinear way. This regime is governed by the strong distance dependence of h e nonljnear forces acting.
At the tipsample distance where the cantilever compliance k becomes smaller than the derivative of the tipsample interaction forces, the tip jumps into contact with the sample surface. Due to the strong adhesion forces the mode structure of the cantilever vibration changes. Fig. 6 shows the vibration spectrum when the tip is in contact with the sample surface. Further work and experiments under controlled conditions, for example in vacuum, have to be carried out in order to fully understand the nature of the forces vibrationally coupling the ttp and the Sample surface. Fig. 7 shows an 10 x 10 pm2 area of the surface of an alumina sample reinforced with Sic fibers. The sample surface was polished thoroughly, so that no difference in height between the fibers and the matrix material remained as can be seen in the topography image on the left hand side of Fig. 7 . In the ultrasonic image of the same surface area, the high frequency signals were used for the contrast mechanism. Several bright areas are discernible which are the Sic fibers showing a different contrast in the ultrasonic amplitude relative to the matrix.
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